Objectives: Silver diamine fluoride (SDF) treatment has been identified as a potential solution to address the dental public health issues of untreated dental caries and insufficient access to care. The current study assessed the effectiveness of 38 percent SDF in arresting active dental caries lesions and in reducing or preventing associated dental pain and infections in young, at-risk children. Methods: We enrolled 32 children aged 2-5 years with 118 active caries lesions in primary teeth from a community dental clinic in Oregon. After baseline examinations, carious lesions were treated with 1-2 applications of 38 percent SDF. Children were re-evaluated at 3-week and 3-month recalls to assess color and consistency changes in lesions (soft/hard). Parents were interviewed regarding symptoms of pain or infection and were surveyed regarding subjective feelings about SDF. Results: Of 102 lesions (16 excluded from analyses), 100 were found to be arrested at first recall and all at second recall. The duration of SDF application was not associated with arrest of decay (P 5 0.68). No incidence of pain or infection of an SDF-treated tooth was recorded. Parental impression of ease of application, taste, and esthetics was favorable. Conclusions: Our results suggested SDF was effective in arresting active caries lesions in primary teeth in young children and was well accepted by parents. SDF offers an easy and highly efficient nonsurgical alternative treatment to traditional restorative dental treatment in young children, and it has great potential to aid the dental public health community to address dental caries in at-risk populations.
Introduction
Untreated dental decay and poor access to dental care are significant public health problems for low-income children in the United States (1, 2) . Early childhood caries is a multifactorial, infectious, and transmissible dental disease affecting young children and is associated with vulnerable, uninsured, and low-income populations (1, 3) . Of children aged 2-9 years in the United States, 42 percent have caries in their primary teeth, and 23 percent have untreated decay (4) . Consequences of untreated decay in preschool children may include increased risk of future caries in primary and permanent dentition, pain, and infections; increased expensive emergency room visits and hospital admissions; increased treatment costs because of extensive decay and the accompanying need for general anesthesia; delayed growth and development; and missed days from school and work (3, 5) .
To reduce the burden of caries disease in young children and to avoid possible serious consequences of untreated decay, it is important to identify an effective, low-cost method of treating caries in children at high risk of caries and with limited access to dental care. Silver diamine fluoride (SDF) has been identified as an anticaries agent that successfully arrests dental decay and has the potential to address the epidemic of untreated decay in young children (6) . In 2014, SDF was cleared by the US Food and Drug Administration for hypersensitivity (7) . The use of SDF as a preventive or therapeutic modality can prevent or delay dental treatment until a child reaches a more cooperative age; therefore, it is a nonsurgical alternative to managing caries in populations where surgical management of decay is not an option (8) . Although the effectiveness of SDF in arresting decay has been studied across different age groups, populations, and types of dentition (6, 9, 10) , to our knowledge, no published reports exist of the clinical effectiveness of SDF in preschool-aged children in the United States. Likewise, we found no reports about parental acceptance of the dark-stained arrested lesions that result from SDF treatment.
The purpose of the current study was to assess the effectiveness of 38 percent SDF in arresting active dental caries lesions and in reducing or preventing associated dental pain and infections in young, at-risk children. The current study also assessed parental acceptance of SDF treatment and evaluated the effectiveness of arrest associated with different durations of SDF application time. We hypothesized that 38 percent SDF treatment would be effective in arresting active dental caries lesions and in reducing incidence of pain and infection in small children and would be well accepted by parents.
Methods
The current, short-term, clinical study was approved by the local institutional review board, and procedures were in accordance with standards for human experimentation. The study enrolled 32 precooperative children, aged 2-5 years, with active, untreated dental caries lesions. Children were recruited from a community dental clinic in Oregon when they came with a parent or guardian for consultation for fullmouth rehabilitation under general anesthesia. To be included in the study, children had to have at least 1 carious lesion as defined by the International Caries Detection and Assessment System (ICDAS) (11) . Using ICDAS, lesions were categorized as active (soft) cavitated carious lesions in the primary dentition, extending into the dentin (ICDAS 5 or 6); noncavitated lesions (ICDAS 3 or 4); or initial carious lesions (ICDAS 1 or 2) (11). Exclusion criteria for the current study included children with spontaneous or elicited pain from caries, tooth mobility, or signs of pulpal infection; severe medical conditions that would not allow management in the clinic; hereditary developmental defects, such as amelogenesis imperfecta or dentinogenesis imperfecta; known allergies or sensitivities to dental materials, including SDF; and inability to cooperate for SDF treatment or return for recall visits at 3 weeks and 3 months. Restorative treatment for all children was delayed because they were on a waiting list for fullmouth dental rehabilitation under general anesthesia or because parents opted to delay restorative treatment until the child was older and more cooperative.
Before study participation, informed consent was obtained from the child's parent or guardian. All individuals asked to participate in the study agreed to participate. Parents were also provided information about SDF, follow-up instructions, oral hygiene instructions, and diet education. Children did not receive full-mouth fluoride varnish applications during the same visit as the SDF application to avoid a high dose of fluoride at one visit.
After a baseline examination, which included radiographs obtained during a standard dental examination, 38 percent SDF (Advantage Silver Arrest, Elevate Oral Care, West Palm Beach, FL) was applied to identified carious lesions on primary teeth. The SDF application followed the University of California, San Francisco SDF protocol (12) and manufacturer's directions (13) . Specifically, identified teeth were dried and isolated with gauze and cotton rolls. The SDF was applied directly to the lesion with a microbrush, and it was allowed to absorb for up to 2 minutes (depending on the child's behavior). Lesions on the treated tooth were covered with a small amount of fluoride varnish and excess was removed with gauze. Parents were instructed that the child should not eat or drink for 1 hour after application. Good isolation and drying of the tooth and lesion was an essential component of the protocol to maximize the ability of the SDF to arrest the lesion. Children were re-examined and lesions were re-evaluated approximately 2-3 weeks after the baseline examination and SDF application and at a subsequent treatment appointment about 3 months later (recall visits). At either recall evaluation, if the carious lesion was not black and hard (indicating arrest), a second application of SDF was delivered. Each SDF treatment at any recall visit was recorded. The study endpoint was reached when treatment had been completed at the general anesthesia treatment visit, when treatment was completed in the office without general anesthesia, or when the child was found to have arrested decay and was being monitored for improved cooperation and behavior.
The following data were collected during the study. At baseline and each recall visit, treated lesions were assessed for dentin color (yellow, black, brown) and lesion texture (soft, hard, chalky, shiny) using gentle pressure with a probe. The presence or absence of pain and infection was noted at baseline and at each recall visit using examination and parent interview. The efficacy of SDF was evaluated based on clinical outcomes, where dark, hard, and black lesions with no pain or infection were considered positive outcomes. The following outcomes were considered to indicate treatment failure: progression of the lesion; a yellow, soft lesion; pain; or infection. The duration of SDF treatment was recorded in seconds; an exposure time of 120 seconds was the target duration. Child behavior was recorded as cooperative or uncooperative. Parent acceptability of the SDF treatment was measured 2-3 weeks after the SDF application by using a 4-item, 5-level Likert-scale questionnaire to assess feelings about the application procedure. The questionnaire was created specifically for the current study and asked parents to rate their acceptability about whether SDF application was an easy process, they were comfortable with discoloration of cavities after SDF placement, SDF application was pain free for their child, and the taste of SDF was acceptable to their child.
SPSS statistical software version 24 (IBM Corp., Armonk, NY) was used for analyses. Descriptive statistics [frequency and percentage or mean and standard deviation (SD)] were used to summarize the demographics and socioeconomic status of the children and their parents or guardians. A v 2 test was used to assess the association between the durations of the SDF application (120 versus 30-90 seconds) and arrest of the carious lesion. The proportion of arrested lesions before and after SDF application was calculated to assess the effectiveness of arrests. Kendall s rank correlation was used to assess the correlation of ordinal variables from the parental questionnaire and to assess the correlation of parental acceptance of SDF with child behavior during application. A P < 0.05 was considered statistically significant.
Results
Thirty-two children [mean 6 SD age, 3.6 6 1.0 years; 19 (59.4 percent) male] with 118 carious lesions were enrolled in the current study ( 
percent).
Additional demographic information is presented in Table 1 . At the baseline examination, 92.4 percent (109/118) of treated lesions were in posterior teeth and 7.6 percent (9/118) in anterior teeth (Table 2) . By ICDAS classification, 51.7 percent (61/118) were ICDAS 5 or 6, 5.1 percent (6/118) were ICDAS 3 or 4, and 43.2 percent (51/118) were ICDAS 1 or 2. One hundred six lesions were active, i.e., brown and soft or sticky. Twelve lesions had initial interproximal decay that could only be assessed radiographically (clinical color and texture could not be assessed because of the size and location of small lesions). At recall, 8 of these 12 lesions could still not be assessed clinically. Therefore, these 8 lesions were excluded from further analysis. At recall, color, texture, and hardness of lesions were assessed. Because 16 lesions were excluded after baseline examination, 102 lesions were assessed at first recall. One hundred of those lesions were black and hard and were considered arrested after one application (98.0 percent arrest rate); two lesions were not fully black and still soft in some areas and were considered not arrested. These two lesions (ICDAS classification 5) were treated with a second application of SDF and were considered to be arrested at the second recall. No incidences of pain or infection of treated teeth were recorded.
The duration of SDF application is reported in Table 3 . The mean 6 SD duration of SDF exposure was 83.5 6 31.2 seconds. There was no significant association between length of time SDF was applied to teeth and effectiveness of the SDF treatment (v 2 5 0.17, P 5 0.68). The proportion of lesions that showed arrest after one SDF application was 0.98 6 0.01 (95 percent confidence interval 0.95, 1.00).
Most parents agreed or strongly agreed about the ease of SDF application, their comfort with discoloration of teeth, the painlessness of the process, and the taste of SDF (Table 4) . Child behavior during SDF application was not correlated with subjective parent feelings about the discoloration of teeth (s 5 0.25, P 5 0.14), painlessness of the process (s 5 0.27, P 5 0.13), or taste (s 5 0.12, P 5 0.49). Parent feelings about ease of SDF application were strongly correlated with discoloration of teeth (s 5 0.57, P < 0.001), absence of pain (s 5 0.55, P 5 0.02), and taste (s 5 0.41, P 5 0.02).
Discussion
The current, short-term, clinical study demonstrated the efficacy of SDF in arresting active caries lesions in the primary teeth of children aged 2-5 years and suggested that SDF is an acceptable treatment modality for parents. Our results support the findings from previous clinical studies of primary teeth. In a study by Chu et al. (14) , 38 percent SDF applications arrested lesions better than fluoride varnish with a prevented fraction of 70-84 percent. In another study, SDF was identified as an effective agent in arresting caries in Nepalese school children aged 3-9 years; at 12 months, a single application of SDF was associated with a mean of 4.2 arrested surfaces per child compared with 1.2 arrested surfaces for controls (10) . In a Cuban study, SDF reduced the incidence of dental caries in the primary and permanent dentition of 6-year-old school children with a prevented fraction of 79 percent in the primary teeth (15) .
The effectiveness of SDF in arresting caries has been compared with other caries arrest modalities. Chu et al. (14) compared SDF to sodium fluoride varnish and found that SDF arrested significantly more carious tooth surfaces than varnish. Zhi et al. (16) compared SDF and glass ionomer and found that annual application of SDF or glass ionomer were both effective at arresting caries; however, semiannual application of SDF was significantly more effective than annual application. Dos Santos et al. (17) found that SDF was more effective than interim restorative treatment for arresting decay in primary teeth. Mattos-Silveira et al. (18) found SDF was more effective than oral hygiene instruction or resin infiltration in reducing the discomfort associated with caries.
In general, assessment of the effect of SDF in arresting caries lesions has relied on characteristics of color and consistency (hard/soft) of the lesions (14, 15) . Active dentinal caries have a yellowish or brown color with a rough surface that feels soft when gently touched with an explorer, and arrested caries have a black, smooth, and hard surface that feels firm Silver diamine fluoride on caries J. Clemens et al.
when gently touched with an explorer (16, 17) . Histological evaluations have shown that gentle probing does not disrupt the surface integrity of noncavitated lesions (19) . Thus, gentle pressure should be used to assess the hardness of the lesion, and no attempt should be made to see if the explorer will penetrate into the lesion. Teeth treated with SDF are usually coal-black in appearance and have a smooth, hardened surface (20) . The carious lesions in the current study had similar characteristics to those reported in previous studies.
Results of the current study showed that SDF effectively arrested decay in carious lesions that were easily clinically detectible. Our results also showed that SDF was equally effective on lesions that were initial (ICDAS 1 or 2), noncavitated (ICDAS 3 or 4), and cavitated (ICDAS 5 or 6). Lesions that were initial, approximal, and only visible on radiographs were challenging to assess for signs of arrest. Additional research investigating the effectiveness of SDF on initial approximal lesions is warranted. Further, because it is difficult to assess arrest clinically, it would also be useful to track these treated lesions radiographically over time to determine if the lesion progresses or not.
Patient cooperation level determines the duration of time the carious tooth can be isolated for SDF absorption without saliva contamination. The cooperation level of the children of the current study, who were aged 2-5 years, was highly variable. Although an SDF exposure time of 120 seconds was our target, the poor cooperation levels of the children resulted in an exposure range between 30 and 120 seconds. Fortunately, the arrest of lesions occurred at all exposure times. Given these results, we believe that a minimally cooperative patient should not be a contraindication to SDF use, particularly if the clinician anticipates being unable to isolate the tooth for longer than 30 seconds.
Parental apprehension about the tooth discoloration associated with SDF application is a concern for many providers. To our knowledge, the current study is the first to provide information regarding parental acceptance of SDF. The subjective feelings of the parents about tooth discoloration, as well as the taste of SDF and possible pain associated with procedure, were highly correlated with their impression about the ease of the application process. As such, dentists should counsel parents about the ease of SDF application to improve parental acceptance of this treatment modality. Further, information about this modality could be provided to highlight the risks associated with other treatments that require restraint or general anesthesia.
There were several limitations associated with the current study. A randomized clinical trial would be a more effective and valid study design to support the effectiveness of SDF to arrest active decay. However, according to the standards of care, a hard dentin surface and the dark color of an arrested lesion are valid clinical indications for positive outcomes benefitting the patient and, thus, warrant a clinical study without a control group. In addition, the appropriate blinding required by a randomized clinical trial would be difficult to achieve because of the dark color of arrested lesions. Examiner bias is another limitation that could have affected the study findings, especially for the subjective variables of color and hardness. This limitation could be addressed in future studies by including a second examiner for improved reliability of assessments. However, in the current study, the examiner was a trained and experienced dentist who followed the current standard of care and criteria for caries diagnosis. Also, the examiner has a high level of understanding of ICDAS; however, there was no formal ICDAS training as a part of this study. Finally, the small number of participants limits the power of our study, but we believe this limitation does not affect our conclusion about the efficacy of SDF treatment. Parental responses also could have been positive based on perceived pressure to respond positively or in response to success of SDF treatment.
In the current study, participation was short term, where the children were followed for a couple weeks to a few months prior to having the dental treatment completed. It would be useful to monitor arrested lesions for a longer term to assess if arrest persists over time. Additional studies are needed to follow patients for longer periods of time, to determine how long one application of SDF effectively arrests caries lesions, and to assess the required frequency of recall and SDF reapplications. The arrest rate in the current study was greater than in previous studies, mainly because we paid careful attention to the inclusion and exclusion criteria. Specifically, we excluded pain and deep caries lesions. Additionally, a smaller sample size may have less power to show significant differences, which could also account for the higher arrest rates.
Given our results, we believe our study is a valuable contribution to existing SDF research. In particular, we assessed the use of SDF in a cohort of children aged 2-5 years, which is a population that has not been well studied and can benefit from easy anticaries treatment. Further, children in this age group may benefit from delayed dental treatment and overall caries arrest, thus reducing potential pain and infection, expensive future emergency room visits, the need for general anesthesia, or traumatic dental experiences on uncooperative children. Finally, results from the current study provide USspecific data and may be useful in the design and implementation of long-term randomized clinical trials that evaluate the frequency of SDF applications necessary to maintain caries arrest acquired at the first treatment.
In conclusion, SDF offers an easy, highly efficient, and well-accepted nonsurgical alternative treatment for early childhood caries in young children rather than traditional restorative dental treatment. Although the current study did not assess the cost of treatment, SDF is less expensive than other treatments for early childhood caries, which may be another benefit of SDF treatment. Our results suggested SDF treatment is a promising therapeutic treatment that can aid the dental public health community in addressing dental caries in at-risk populations.
